OBJECTIVES: We adopted an operative technique of pulmonary valve (PV) annular enlargement with valve repair in tetralogy of Fallot (TOF) correction to reduce postoperative pulmonary regurgitation (PR) 16 years ago. Here, we have evaluated the long-term results.
INTRODUCTION
Surgical repair of tetralogy of Fallot (TOF) with a small pulmonary valve (PV) annulus requires the destruction of the PV and the annulus, resulting in pulmonary regurgitation (PR). Although PR is well tolerated for a short period of time, prolonged exposure to PR can lead to acute and late functional deterioration of the right ventricle, increasing tricuspid regurgitation, left ventricular dysfunction, ventricular arrhythmia and sudden death [1] [2] [3] . On enlargement of the PV annulus using a transannular patch (TAP) or a monocusp ventricular outflow patch (MVOP), the patient's own valve tissue cannot be used, which will become non-functional or obstructive. To overcome these problems, we have tried to repair the PV while enlarging the PV annulus to reduce postoperative PR [4] . This study assesses the long-term results of PV annular enlargement with valve repair in TOF correction and compares these results with those of a simple TAP technique.
MATERIALS AND METHODS

Patients
This study was approved by the institution's ethics committee/ institutional review board because of the retrospective nature of our study (IRB no. 05-2016-149) . A chart review was undertaken to identify all patients undergoing a repair of TOF.
Between April 2000 and August 2005, 89 consecutive patients with TOF/pulmonary stenosis underwent a complete repair at Pusan National and Dong-A University Hospitals. Of these 89 patients, PV was preserved in 32 (36%) patients, and PV annular enlargement with valve repair was carried out in 43 (48%) patients. The remaining 14 (16%) patients underwent annular enlargement without PV repair due to a small ventricular incision through the anterior commissure in 6 patients, too small pulmonary cusp to be repaired in 5 patients, valvectomy in 2 patients and abnormal coronary artery crossing the right ventricular outflow tract (RVOT) in 1 patient. As a result, 43 patients (26 men, 61%) who underwent PV annular enlargement with valve repair were enrolled in this study. The median age and body weight at the time of surgery were 14 months (range 6-35 months) and 10.2 kg (range 6-14 kg), respectively. Preoperative Blalock-Taussig shunt was performed in 10 (23%) patients. The mean PV annulus size was 8.8 ± 1.0 mm, and 37 (86%) patients had a bicuspid PV. The types of ventricular septal defect (VSD) were perimembranous in 29 (67%) patients, subarterial in 8 (19%) patients and muscular outlet in 6 (14%) patients.
Technique
The surgery was performed on the arrested heart using cardioplegic solution under moderate hypothermia. After induction of cardiac arrest, a longitudinal incision was made on the main pulmonary artery (MPA), and the PV was inspected. If the PV was too small to be preserved, the incision was extended to the RVOT crossing the PV annulus. Several PV repair techniques were adopted in the setting of the transannular incision, and these techniques were previously reported by our group [4] . Technical modifications depending on valve morphologies are illustrated in Fig. 1 .
If there was significant commissural fusion or tethering of the cusps to the pulmonary artery wall, these were sharply divided. We released the tethering of the posterior cusp to improve its excursion. Tethering of the anterior cusp was left untouched to preserve the native PV commissural hinge function. The anterior cusp was then divided, and the divided cusps and the ventriculotomy site were filled with a glutaraldehyde-treated autologous pericardial patch. Our target annulus size in the arrested heart was 2 mm larger than the mean normal-sized pulmonary annulus [5] . The incision at the MPA was covered with a second patch, which was placed on the previous pericardial patch used in the valve repair in the ventricular side (Fig. 1A , n = 15, 35%). Alternative techniques of annular enlargement were also used. Partial incision was made at the anterior cusp, and the defect of the valve and ventriculotomy were filled with the patch (Fig. 1B , n = 8, 19%). We applied this technique to a small number of patients during the early experience. When the patient had right and left cusps, the anterior commissure was divided, and the patch was anchored to both incised MPA walls (Fig. 1C , n = 3, 7%). In patients in whom the commissure was eccentric, either cusp was divided eccentrically. The patch was sewn to the MPA wall and to the free edge of the divided cusp (Fig. 1D , n = 17, 40%). Since June 2003, 2 important modifications have been made to our technique for improving the durability of the repaired valve. First, a 0.1-mm polytetrafluoroethylene (PTFE) membrane (GoreTex; W.L. Gore & Associates, Inc. Newark, NJ, USA) was used as patch material. Second, our target annulus size was reduced to make the ventriculotomy smaller, which was 1 mm larger than the normal PV annulus size in the arrested heart (Fig. 1E) . When the PTFE membrane used in valve repair was placed to the ventriculotomy incision, the suture was placed at the endocardial side of the incised myocardium as much as possible. The outer patch for the MPA incision was placed to the epicardial side of the incised RVOT wall. This technique was used in the last 12 patients.
The mean duration of cardiopulmonary bypass was 163.0 ± 30.1 min, and the mean duration of aortic cross-clamp was 104.8 ± 17.0 min. The mean RVOT ventriculotomy size was 12.6 ± 3.6 mm, and VSD was closed through the right atrium in 26 (61%) patients, the ventriculotomy site in 13 (30%) patients and both the right atrium and the ventriculotomy site in 4 (9%) patients. The patch materials used in the PV repair were a glutaraldehydetreated autologous pericardium in 31 (72%) patients and a 0.1-mm PTFE membrane in 12 (28%) patients. The mean RV to systemic pressure ratio after cardiopulmonary bypass weaning was 0.48 ± 0.10 (range 0.27-0.75). Procedures on the branch pulmonary arteries were required in 11 (26%) patients. All postoperative echocardiographic reports were reviewed, and PR was graded as follows: 0 = none, 0.5 = trivial, 1 = mild, 1.5 = mild to moderate, 2 = moderate, 2.5 = moderate to severe and 3 = severe [6] .
Statistical analysis
Data were collected and managed using Microsoft Excel 2013 and analysed using SPSS 21.0 (SPSS, Inc., Chicago, IL, USA). Categorical variables were compared using the v 2 test and continuous variables using the Student's t-test. The Kaplan-Meier survival curve analysis was used to analyse freedom from pulmonary valve replacement (PVR), and survival curves were compared using the log-rank test. For comparison with the simple TAP technique, propensity score matching was used to overcome group baseline differences. The propensity score matching method was performed to approximate a random assignment for the PV repair group and the simple TAP group by adjusting their age and body weight at surgery, PV annulus size and echocardiography follow-up duration, which could influence on the results of the surgery. More specifically, the nearest neighbourmatching method was used to optimize the matching results, and also to even the size of each group, the ratio was fixed to 1:1. We found that the matched groups showed no significant differences for the adjusted factors [7] . A P-value of <0.05 was considered statistically significant.
RESULTS
Early results
There was no operative mortality. The mean postoperative mechanical ventilation time was 28.1 ± 19.3 h (range 10-109 h), and most of the patients (39 of 43 patients, 91%) were extubated within 48 h. The mean hospital stay was 9.9 ± 4.1 days (range 6-31 days). The mean postoperative PR grade at discharge was 0.93 ± 0.40 [none or trivial in 10 patients (23%), mild in 27 patients (63%), mild to moderate in 5 patients (12%) and moderate in 1 patient (2%)], and the mean postoperative pressure gradient (PG) across the PV was 13.0 ± 10.9 mmHg (range 5-43 mmHg). Of the 43 patients, only 1 (2%) patient had moderate PR at discharge.
Late results
The mean follow-up duration was 131.9 ± 42.9 months (range 29-198 months). During follow-up, 1 reoperation was performed for a residual VSD. Eight reinterventions were performed in 6 (14%) patients, and all reinterventions were balloon angioplasties for left pulmonary artery stenosis. There were 3 late deaths, but all late deaths were not related to cardiac origin. The causes of death were Fanconi anaemia, haemophagocytic syndrome and upper airway problem. The mean echocardiography follow-up duration was 123.7 ± 43.2 months (range 29-198 months). The mean PR grade at the last follow-up echocardiography was 1.59 ± 0.60 [mild in 17 patients (40%), mild to moderate in 8 patients (19%), moderate in 14 patients (33%), moderate to severe in 1 patient (2%) and severe in 3 patients (7%)], and the mean PG across the PV was 22.7 ± 9.9 mmHg (range 10-49 mmHg). Eighteen (42%) patients had moderate or more PR grade at the last follow-up echocardiography. PR grade ( Fig. 2 , P < 0.01) and PG across the PV (Fig. 3 , P < 0.01) tended to increase with time. Risk factors for moderate or more PR grade at the last follow-up echocardiography were analysed, but we could not identify any risk factor for significant PR grade, except cardiopulmonary bypass time (Table 1) .
Comparison with the simple transannular patch technique
We have compared the present 43 patients with 63 patients who underwent transannular enlargement with a simple TAP technique between September 1996 and April 2011. The mean age and body weight at the time of surgery were 9.6 ± 5.1 months and 8.0 ± 2.0 kg, respectively. The mean follow-up duration was 88.0 ± 51.4 months. The 63 patients were divided into 2 subgroups: large ventriculotomy (>5 mm, n = 32, 51%) and limited ventriculotomy (< _5 mm, n = 31, 49%). On comparing with the large ventriculotomy group, the patients undergoing PV repair had lower PR grade at both immediate postoperative (P < 0.01) and the last follow-up (P = 0.02) echocardiography. On comparing with the limited ventriculotomy group, the patients undergoing PV repair had lower PR grade only at immediate postoperative echocardiography (P < 0.01). There was no significant difference between the 2 groups (P = 0.48) at the last follow-up echocardiography (Table 2 ). Figure 4 shows the mean postoperative PR grade changes in terms of the PV annulus enlargement technique: PV repair, large ventriculotomy and limited ventriculotomy. Of the 63 patients, 3 (5%) patients underwent PVR in the entire simple TAP group, whereas none of the patients required PVR in the PV repair group (Fig. 5 , P = 0.11, log-rank test).
Using propensity score matching, 25 patients who underwent PV repair and 25 patients who underwent the simple TAP technique were selected. Baseline balance was assessed by standardized differences. Each group was well balanced with respect to age and body weight at surgery, PV annulus size and echocardiography follow-up duration ( Table 3 ). The PV repair group had a lower incidence of moderate or more PR grade at the last followup echocardiography compared with the simple TAP group (40% vs 68%, P = 0.04).
DISCUSSION
The incidence of TAP enlargement in the repair of TOF has decreased after the introduction of several PV preservation strategies [6, [8] [9] [10] [11] [12] . However, a certain proportion of patients with a small PV annulus have required TAP enlargement. The TAP enlargement inevitably produces postoperative PR, which can adversely affect the long-term results of TOF correction [13, 14] .
TAP with MVOP has been the main surgical technique to reduce postoperative PR. However, valve function of the MVOP does not persist for a long time [15] [16] [17] [18] [19] . In our opinion, the valve function of our PV repair technique lasts longer than the valve function of the MVOP technique because the repaired valve can retain partial or complete native hinge function, even though the mechanism of limited longevity of the MVOP remains unclear. The main purpose of our repair policy of the PV is to preserve the native hinge function of the PV as well as to preserve the native PV tissues as much as possible. We think that the patch attached to the native valve cusp that has the hinge function can hardly adhere to the outer RVOT patch unlike in the MVOP in which the valve cusp without the native valve hinge function can adhere to the outer patch easily. In addition to preserving the native PV hinge function, the valve repair technique has an important advantage over the MVOP in terms of technical flexibility. In contrast to MVOP, it allows the technique to be used even when only a small enlargement of the PV annulus is needed. The MVOP procedure usually requires a relatively large RVOT incision, which is a potential source of a late problem when the valve function of the MVOP disappears. However, after the valve repair, we expect the growth of the remaining repaired native valve tissue that is functioning. We postulate that functioning PV tissues would grow more than non-functioning valve tissues.
During the early postoperative period, only 1 (2%) patient had moderate PR, and the PG across the PV was not significant (13.0 ± 10.9 mmHg). Although PR tended to increase over the long-term follow-up (Fig. 2) , approximately 40% of the patients retained mild PR long after the surgery, which was believed to be an important contribution of the PV repair technique. There was also a tendency of increasing PG across the PV, but the mean PG across the PV was not significant (22.7 ± 9.9 mmHg) over the ensuing 123.7 ± 43.2 months of echocardiography follow-up (Fig. 3) .
We compared the outcomes of these patients with those of the 63 patients who had undergone the simple TAP technique. The patients were divided into limited and large ventriculotomy subgroups in terms of the ventriculotomy size. The patients who underwent PV repair had lower PR grade at the immediate postoperative period when compared with both subgroups. However, at the last follow-up, the PV repair group had lower PR grade when compared with the large ventriculotomy group but not when compared with the limited ventriculotomy group ( Table 2 ). The identical degree of PR between the PV repair and the limited TAP groups indicates that both techniques can reduce PR when compared with TAP enlargement with a large incision. The mechanism to reduce PR in both techniques seems to be quite different, and we also need to be aware of the difference in follow-up duration between these 2 techniques (Fig. 4) . Propensity score matching was used to compare postoperative PR between the PV repair and the simple TAP technique. Lower immediate postoperative PR grade and lower incidence of moderate or more PR grade at the last follow-up echocardiography were evident in the patients who underwent the PV repair technique. Although a statistically significant difference was not observed, none of the patients needed PVR in the PV repair group, while 3 (5%) patients required PVR in the simple TAP group. Age (months), mean ± SD 15.9 ± 6.6 11.1 ± 4.4* 8.0 ± 5.2** Weight (kg), mean ± SD 9.9 ± 1.8 8.5 ± 1.9* 7.5 ± 1.9** Gender (male/female) 26/17 20/12 17/14 PV annulus size (mm), mean ± SD 8.8 ± 1.0 7.3 ± 1.6* 7.7 ± 1.1** PV annulus z-score, mean ± SD -2.00 ± 0.86 -2.86 ± 1.52* -2.19 ± 0.71 Ventriculotomy size (mm), mean ± SD 12.3 ± 3.6 11.0 ± 3.3 3.9 ± 1.3** CPB time (min), mean ± SD 163. Most of the patients had a good PV motion on early postoperative echocardiography at discharge, which was consistent with a previous study [4] . However, in some patients, the valve motion was decreased or absent at the follow-up echocardiography, and shrinkage and thickening of the reconstructed PV cusp were evident. This prompted us to change the patch material from glutaraldehyde-treated autologous pericardium to a 0.1-mm PTFE membrane and to reduce the target annulus size to minimize the ventriculotomy size. There was no statistically significant difference in the incidence of moderate or more PR grade at the last follow-up echocardiography in terms of the 2 patch materials. However, more patients who underwent PV repair using the glutaraldehyde-treated autologous pericardial patch had moderate or more PR grade at the last follow-up echocardiography [15/31 (48%) vs 3/12 (25%); P = 0.16].
An important limitation of the PV repair technique is that it is somewhat difficult to apply to a small baby with a small PV or friable valve tissue. Thus, the technique has not been used frequently in our hospital because our policy for TOF correction was changed to early repair with maximization of PV and RVOT preservation, in which nearly all patients with TOF are repaired between 3 months and 6 months of age. Instead, we have usually performed a small transannular ventriculotomy when TAP enlargement is required. However, we have currently started the PV repair technique even in a small infant patient who requires a small transannular ventriculotomy as inspired by the favourable long-term results of the PV repair. The target PV annulus size in our current practice is just the normal size or 1 mm below the normal size in the arrested heart to minimize the ventriculotomy. The strategy that has also been established is that as the age at TOF repair becomes younger, the PV annulus can be preserved in approximately 70% of all patients with TOF [20] . However, we have been concentrating on the preservation of the PV annulus and RVOT muscle rather than the preservation of the valve tissue itself.
In fact, it is very difficult to preserve the valve function completely in small bicuspid PV. We believe that the amount of valve function that can be preserved mainly depends on the native valve morphology. In a patient with small PV annulus having anterior and posterior commissures, we usually perform commissurotomy and small ventriculotomy through the anterior commissure. However, if the patients have the right and left commissures with sizeable and good anterior valve cusp, we place a fresh autologous pericardial patch between the divided anterior cusps, regardless of the ventriculotomy size in a small baby. A fresh autologous pericardial patch is used because of technical considerations. It is technically demanding to use a 0.1-mm PTFE membrane for repair of the small valve cusp in a small baby with TOF. We use a 0.1-mm PTFE membrane for repair of the PV in large-sized or old patients with TOF who require a long right ventricular incision.
We believe that the same favourable long-term result can be expected in a young infant in spite of the fact that the PV repair is technically more demanding. Karl and colleagues [21] reported early results of PV repair in 2007. The patients in their study were much younger than our series. Although the tissue or the material used in valve repair can be thickened or shrunk, the repaired remaining native PV tissue still has growth potential, which could reduce PR to some extent. However, in reality, it is sometimes technically demanding to repair small valve cusps and even more demanding in dysplastic small valve cusps. Our study demonstrates that patients who require TAP enlargement could benefit from the valve repair technique in terms of reduction of the PR in the long term and that the feasibility of the valve repair technique in a small baby is dependent on the surgeon's hand.
Limitations
The limitations of this study include a relatively small number of patients and the lack of a proper comparative group of patients. 
